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Interferon-dependent Genetic Resistance to Influenza Virus in Mice: Virus Replication in Macrophages is Inhibited at an Early Step
(Accepted 1 April I98O)
SUMMARY
Inborn resistance to orthomyxoviruses due to the allele Mx was investigated at the molecular level in macrophages from AzG mice. In the absence of interferon, Mx-bearing and control cells were equally permissive for M-TUR, a macrophageadapted strain of influenza A virus. After treatment with various doses of mouse interferon type I, Mx-bearing cells were fully resistant to this virus whereas cells lacking Mx were only marginally protected. Virus attachment and penetration were equally efficient in Mx-carrying and control cells and were not influenced by interferon. However, virus protein synthesis was blocked in Mx-bearing macrophages expressing resistance. These findings indicate that the resistance mechanism specific for influenza viruses realized by Mx in cooperation with interferon inhibits influenza virus replication in macrophages at an early stage following attachment and penetration of the virus.
Mice bearing the allele Mx exhibit a high degree of specific resistance to influenza virus. This resistance is expressed in cells of different organs (Arnheiter et al. 198o; Haller et al. I98o) and is highly dependent on interferon (Haller et al. I979) . Cells isolated from resistant mice are as permissive for influenza virus as are cells from genetically susceptible animals, provided they have not been exposed to interferon. :However, pretreatment with low doses of interferon renders Mx-bearing cells resistant to infection by influenza virus whereas it only protects non-Mx-bearing ceils marginally and transiently. Interferon action against several unrelated viruses is not influenced by the presence of the allele Mx (Arnheiter et al. 198o; Haller et al. I98o) .
The present study was undertaken to localize the step at which the replication cycle of influenza virus was arrested in Mx-bearing cells exposed to interferon. Mx-bearing macrophages differ from other Mx-bearing cells in that they are resistant to influenza virus during the first few days in culture (I_indenmann el al. I978) but become susceptible with time (Haller et al. 198o) . Indirect evidence exists that this primary resistance is due to interferon encountered in vivo (Haller et al. I979) to which macrophages are highly susceptible (Haller et al. I98O) . Using peritoneal macrophages from Mx-carrying mice, we have compared the resistant phenotype of freshly explanted cells with that induced by exogenous interferon in cells cultured for 2 to 3 weeks.
Thioglycollate-induced peritoneal macrophages from resistant A2G mice (genotype Mx/Mx) and from susceptible A/J or CBA/J mice (genotype +/+) were harvested and cultured as previously described (Haller et al. I98O) . Cells cultured for a few days only will be referred to as 'fresh' and cells kept for 2 to 3 weeks as 'aged'. Intracellular synthesis of virus-specific proteins was followed by pulse-labelling cells for 3o min with asS-methionine at 7 to 48 h p.i. with M-TUR, an influenza A virus strain adapted to grow in mouse macrophages in vitro (Lindenmann et al. 1978) 
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( Fig. l a) . In fresh susceptible macrophages newly formed virus-specific proteins were easily detectable 7 h p.i. Production of virus proteins was most prominent I8 h p.i. when synthesis of host-specific proteins was almost completely shut down and the cells were about to die. The virus proteins identified comprised the large polypeptides P1, Pz and P3 (the latter two not always separated in the type of gel used), the haemagglutinin (HA), the nucleoprotein (NP), the matrix protein (MP) and the non-structural proteins (NS; not resolved in Fig. I a) . Virus protein synthesis was virtually absent in fresh macrophages from resistant animals ( Fig. I a) . Aged Mx-bearing macrophages allowed virus replication to the same degree as aged susceptible (+/+) macrophages as evidenced by infectivity titrations of supernatant fluids (data not shown). In agreement with this, the pattern of newly formed virus-specific proteins detected at 7 and I8 h p.i. was similar in Mx-bearing and non-Mx-bearing aged macrophages (Fig. I b, It was conceivable that the observed differences in virus replication were due to differences in virus attachment or penetration. For instance, differences in virus receptors on pancreatic beta cells have been implicated in the ability of encephalomyocarditis virus to cause diabetes metlitus in various strains of mice (Chairez et al. I978) . Therefore, attachment and penetration of M-TUR virus to phenotypically resistant and susceptible macrophages were investigated. Radioactive virus was grown on primary calf kidney cell monolayers in the presence of 5,6-3H-uridine and was purified on sucrose and tartrate gradients as previously described (Horisberger & Schulze, I974). The radioactive virus was Fig. I . Influenza virus-specific protein synthesis in cultivated macrophages from genetically susceptible (+ / + ) and resistant (Mx/Mx) mice. Peritoneal macrophages in culture were labelled at several hours p.i. with IO/zCi/ml asS-methionine (The Radiochemical Centre, Amersham, U.K.) in HBSS containing o. i2% NaHCO, for 3o rain at 37°C. The cells were washed with cold saline and then disrupted with I ~ SDS. The proteins in the/ysates were precipitated with 2 vol. of ethanol at -2o°C. After centrifugation, the precipitates were dried, dissolved in sample buffer (Laemmli & Favre, I973) containing 5~ 2-mercaptoethanol and boiled for I min. The slab gels (I"5 mm thick and 220 mm long) were prepared as described by Laemmli & Favre (I973). The separating gel contained I I ~ acrylamide and 0'29% bis-acrylamide. Radioactive proteins were visualized by autoradiography on X-ray films (Kodak X-Omat). (a) M-TUR protein synthesis in fresh cultures of susceptible (+/+) and resistant (Mx/Mx) macrophages. Peritoneal macrophages, kept for z days in culture, were infected at I p.f.u./cell. After incubation for 30 min at 37 °C the virus inoculum was removed by repeated washings. Macrophages were then labelled at the indicated times. Cultures labelled at o h represent uninfected control. (b, c) Inhibition of M-TUR virus-specific protein synthesis in aged + / + and Mx/NIx macrophages by interferon. Peritoneal macrophages were cultured for z weeks and were then exposed for i8 h to o, 40 or 4o0 NIH units/ml of partially purified mouse interferon (IF) type I (Tovey et al. 1974) . Thereafter, the cultures were washed, infected with 2 p.f.u./ cell and labelled at 7, i8, 31 and 48 h p.i. The absence of a time point means cell death. allowed to attach for 30 rain at 2o °C to the macrophages or to Madin and Darby bovine kidney (MDBK) cells used for comparison. Non-attached virus present in the supernatant and in two washes with Hanks' balanced salt solution (HBSS) was precipitated with 5~ TCA. RPMI 164o medium containing ~% foetal calf serum was added and the cultures were incubated at 37 °C. After 45 or 90 rain the medium and two washes with HBSS were collected and precipitated with TCA. This precipitate represented eluted virus. Penetrated virus was harvested by scraping off the cells and by precipitation with TCA. All precipitates were dried on GF/C glass fibre filters (Whatman Ltd, Maidstone, Kent, U.K.). Proteins were solubilized in o-I ml H20 and r ml Soluene-roo (Packard Instrument Co., Downers Grove, Ill., U.S.A.) for I6 h at 20 °C. Radioactivity was assayed in IO ml acidified Aquasol (5o ml I M-HC1 added to I 1 Aquasol-2, New England Nuclear, Boston, Mass., U.S.A.). The results are shown in Table i . No significant differences in virus attachment, elution or penetration were observed between Mx-bearing phenotypically resistant and Mx-bearing phenotypically susceptible macrophages [7% of input virus penetrated in aged, susceptible cells versus 6% in aged, interferon-treated resistant cells (Expt. 2) or 8% in fresh, resistant cells (Expt. I)]. We have at present no explanation for the finding that consistently more virus penetrated into +/+ macrophages than into susceptible or resistant Mx/Mx macrophages and MDBK cells. The comparison with MDBK cells indicates that macrophages, known for their phagocytic and pinocytic capacity, do not greatly differ from other cell types with regard to influenza virus penetration. In a second set of experiments, attachment of infectious virus to macrophages was measured by assaying the disappearance of plaque-forming virus from the supernatant fluid. Five × IO 5 aged macrophages of either genotype were pretreated for 18 h with 4oo units/ml of interferon or were left untreated. These cultures were then washed and exposed to 3"7 × I °6 p.f.u, of M-TUR virus for 3 o min at 2o °C. In all four different cultures (Mx-or non-Mx-bearing macrophages with or without interferon), the residual unattached (infectious) virus represented 3 to 5% of the inoculum. To summarize, no differences in virus attachment between resistant and susceptible macrophages could be revealed by two independent methods measuring either radioactivity or infectivity of the virus input.
Interferon, known to have profound effects on the expression of various cell surface structures (Gresser, I977), apparently did not lead to membrane alterations resulting in changed virus attachment. This is in agreement with reports indicating that interferon did not affect reovirus attachment to mouse L cells (Wiebe & Joklik, I975; Galster & Lengyel, 976) . The present data show that the block caused by the gene Mx together with interferon occurs at an early stage in influenza virus replication, and that it must be localized somewhere between virus penetration and transcription or translation. Virus protein and RNA synthesis are so interdependent that it is difficult to analyse which of the two might be predominantly affected; both have also been implicated in the antiviral action of interferon against influenza virus in cells not carrying the gene Mx (Bean & Simpson, 1973; Repik et al. I974) . It is evident that our present approach gives only a relatively crude insight into the molecular details of virus replication. Future investigations on virus uncoating, primary transcription and translation should help to clarify the very step at which interferon, together with the host gene Mx, can realize an antiviral state exhibiting considerable specificity for a group of closely related viruses.
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